effective technique to enhance the surface properties of industrial components possessing an irregular shape. However, it is difficult to achieve uniform implantation along the groove surface of a ball bearing. In this work, we focus on the PIII treatment of the arc surface of an industrial ball bearing. Three practical sample placement configurations are investigated: I) direct placement on the sample stage platen, II) placement on a copper extension with the same diameter as the bearing race, III) placement on a copper plate erected on the sample stage by means of a small metal rod. Using theoretical simulation, the implant dose uniformity along the groove surface is determined for the three orientations. Our results reveal that configuration III) yields the largest implant dose along the groove surface and the dose uniformity is worse in configuration I). Hence, in order to improve the lateral dose uniformity along the race surface, the bearing should be elevated from the sample.
I. INTRODUCTION

P
LASMA immersion ion implantation (PIII) is a burgeoning technology for surface modification of materials [1] - [4] . Because there is no line-of-sight restriction, it is an excellent technique to treat industrial components possessing an irregular shape such as precision bearings [5] . For an industrial ball bearing, the working surface of both the interior and exterior pieces is not flat and has the shape of an arc. Hence, PIII treatment of a ball bearing is as complicated as other odd-shaped targets such as a hollow cylindrical tube used in an oil pump [6] - [9] . The PIII uniformity is an important factor directly affecting the efficacy of surface modification. Therefore, many theoretical and experimental investigations concerning implant uniformity have been performed on specimens possessing various shapes, such as square bars [10] , [11] , wedge-shaped objects [12] - [14] , corners [15] , trenches [13] , [16] , [17] , crosses [18] , cylindrical tubes [6] - [9] , and small cylindrical samples [19] , [20] . However, very little work has hitherto been done on real industrial parts and the effects of the sample placement on the implant dose uniformity. Because most industrial ball bearings are not very thick, they are usually laid horizontally on the sample chuck during PIII. However, its close proximity to the sample stage and the insulating shroud surrounding the high voltage feed-through is expected to affect the local implant doses along the race surface. The sheath expansion about the groove surface of an industrial ball bearing for three sample placement configurations is investigated in this work. The sheath potential, ion density, and ion velocity are derived using the fluid model. The variation of the ion implantation dose as well as ion impact angle along the groove is presented and compared for each placement methods.
II. SAMPLE PLACEMENT METHODS AND SIMULATION MODEL
A common industrial ball bearing (model 315) with an interior diameter of 75 mm shown in Fig. 1 is used in our work. In normal operation, the balls roll on the arc surface and it is the focus of our investigation. Owing to the radial symmetry of the ball bearing and the vertical geometry of most PIII vacuum chambers (i.e. the plasma source on top), horizontal placement of the bearing on the sample stage is most convenient. Three practical sample placements are studied: I) direct placement on the oil-cooled sample stage platen 140 mm in diameter, with the high voltage feed-through shielded by a ceramic shroud 100 mm in diameter and 200 mm tall as illustrated in Fig. 1 (a) [21] ; II) placement on a 400 mm long metal extension with the same diameter as the bearing on top of the oil-cooled sample stage [ Fig. 1(b) ]; III) placement on a 2 mm thick metal plate with the same diameter as the bearing erected from the sample stage by a metal rod 5 mm in diameter and 400 mm long [ Fig. 1(c) ]. For the second and third placement methods, a glass shroud is used to cover the sample stage to minimize the influence of the oil-cooled sample stage.
A plasma with density is generated in the vacuum chamber. At time , the target potential is switched from to a negative potential . An ion-matrix sheath is subsequently induced, and ions are accelerated by 0093 the electric field and implanted into the target until the applied voltage pulse is over. The evolution of the ion density , ion velocity , and electric potential can be modeled using cold, collisionless fluid ions, Boltzmann electrons, as well as Poisson's equation [10] , [11] , [16] , [18] , [22] . In cylindrical coordinates, the two-dimensional equations of ion continuity and motion, Poisson's equation, and Boltzmann's relation are 
where is the electron charge (it is assumed that the ions are singly charged) and is the ion mass. It is more convenient to make (1) to (3) dimensionless by introducing the following variables: (4) where is the planar ion-matrix sheath width, is the velocity that an ion would gain if it fell through a potential drop , and is the ion plasma frequency. The equations
The simulation regions are depicted in Fig. 1(a) -(c). The initial conditions are and everywhere. The boundary conditions are on the target, in the plasma, and at the central symmetry axis. In Fig. 1(a) , the lower boundary is the chamber wall and at this boundary and the ceramic insulator shroud. For the two configurations illustrated in Fig. 1(b) and (c), the metal extension rod is long enough such that on the lower boundary of the simulation region as it is far from the bearing sample and can be treated as a one-dimensional case.
The equations are solved by the finite difference method. The simulation parameters are selected to reflect typical experimental conditions: cm , kV, eV, and N plasma. Hence, mm and s. We choose a grid spacing mm and a time step of . The simulation region is chosen to be in height and in the radial direction for configuration (I) shown in Fig. 1(a) , and in height and in the radial direction for configurations (II) and (III) displayed in Fig. 1(b) and (c), respectively. In configuration (I), the ceramic insulator is relatively long such that the height of the simulation region is chosen to be larger than that in configurations (II) and (III). In this way, the sheath remains inside it throughout the entire simulated time duration. The simulation is conducted to a final step ( s).
III. RESULTS AND DISCUSSION
The temporal evolution of the potential contour lines around the target for the three different placement methods is shown in Fig. 2(a)-(c) . At , the potential distribution of the ion-matrix sheath is shown. The sheath structures around the bearing race differ significantly in the three cases and different implantation characteristics are expected. As the sheath propagates, the conformality of the potential contour to the target surface degrades, and the field lines eventually reach a dome shape in all three situations. Fig. 3(a) -(c) depict the temporal evolution of the ion density around the target in the three configurations. As expected, the ion density distributions around the bearing groove are quite different for the three placement methods. In configuration (I), due to the influence of the ceramic insulator, there is a zero ion density contour line at under the sample stage platen indicating that ions are exhausted quickly under the sample stage platen. At , the 0.4 ion density contour line near the groove is not symmetrical about the groove center, but rather offset toward the side closer to the sample stage. When , only the 0.1 density line exists within the groove. In configuration (II), because the diameter of the extension rod is large, the extension rod also receives a high dose of implanted ions. Therefore, ions in the vicinity of the target are exhausted quickly and there is no ion concentration on the groove surface. In configuration (III), at , the 0.4 ion density line near the groove is still symmetrical about the groove center, but ions begin to concentrate on the lower edge. When the sheath expands, this region moves upward. When , a large number of ions concentrate within the bearing groove, especially in the lower half, indicating that there are still a large number of ions in the vicinity at this time. Our results thus show that a larger ion dose will be implanted into the groove surface in configuration (III). Fig. 4 (a)-(c) display the distribution and temporal evolution of the ion incident angle relative to the normal along the arc surface (the normal direction is the radial direction). In all three configurations, the ion incident angle near the groove center is smaller than that close to the two edges. Initially, the angle of incidence along the groove surface has a small value and the distribution is almost symmetrical about the center of the race. As the sheath expands, the ions impinge at a more oblique angle, particularly toward the edge. The distribution is also no longer symmetrical. The lower side is bombarded by ions impacting at a smaller angle in all three cases. The spots with almost 0 incident angle (that is, normal incidence) migrate slowly toward the lower side. The worst uniformity with regard to the incident angle is observed for configuration (I) as shown in Fig. 4(a) . In this case, the ion impact angle close to the lower edge is much smaller than that near the upper edge. When , the incident angle at the upper edge has reached nearly 80 . At a later time, the ions near the upper corner impinge nearly parallel to the surface thereby resulting in more sputtering than implantation. It shows that a lower ion dose will be implanted near the upper edge. In configurations (II) and (III), the incident angle is still larger on the upper side, but the difference is smaller than that observed for case (I), and the ion incident angle near the upper edge is also smaller.
The incident ion dose can be calculated by integrating the ion flux at the target surface (8) where is pulse duration and is the ion velocity normal to the target surface. The distribution of the ion dose implanted into the arc groove is shown in Fig. 5(a)-(c) . The ion dose observed in configuration (III) is 1.5 times larger than that in configurations (I) and (II) except close to the lower edge. It shows that the sample placement illustrated in Fig. 1(c) yields the highest implantation efficiency. In configuration (I), a very small ion dose is implanted into the region near the upper edge [ Fig. 5(a) ]. After , almost no ions are implanted into this area due to the large incident angle near the upper edge. The large incident angle gives rise to higher sputtering loss and less net implantation or a lower retained dose. The ion dose uniformity along the groove surface worsens with increasing implantation time. The uniformity of the ion dose within the groove is better for configurations (II) and (III). In configuration (II), the maximum ion dose is observed near the groove center. However, in configuration (III), the largest ion dose is offset toward the lower side. This is caused by the larger ion concentration in the lower half of the groove as aforementioned.
Based on our results, configurations (II) and (III) are better than configuration (I) with regard to ion dose uniformity. In addition, the best implantation efficiency is accomplished in configuration (III). It is thus the most desirable sample placement method. However, because of the metal extension is long but narrow in this configuration, the rate of heat dissipation via the sample stage is compromised. Hence, it is conceivable that if there is a low temperature requirement due to the state of the materials and dimensional tolerances, a lower duty cycle may be necessary to mitigate sample heating. However, if a higher implantation temperature is desirable, for example, to increase the diffusion depth, configuration (III) will be preferred over configurations (I) and (II) as less external heating is required. In comparison, configuration (II) provides better heat dissipation but due to the increased surface area, the total implantation current is inevitably higher. A more potent power modulator may thus be required. Our simulation results indicate that the dose uniformity will be improved by using a shorter pulse . Hence, pulse lengths of less than 2 s are more desirable, but of course, it will require a more powerful power modulator with a fast slew rate.
IV. CONCLUSION
The influence of the sample placement on the PIII dose uniformity on the groove surface of an industrial ball bearing is investigated using a two-dimensional fluid model. Our results indicate that direct placement of the bearing on the sample chuck is most undesirable and gives rise a very low ion implant dose near the groove upper edge due to glancing ion incidence. On the other hand, when the bearing is elevated from the sample stage using a metal extension, the ion dose uniformity along the groove surface is enhanced. The improvement is larger when using a thinner extension rod. However, due to insufficient heat dissipation via the sample stage, either the PIII duty cycle needs to be reduced or the extensive rod must be bigger for low temperature processes. However, a bigger extension rod draws more current and may require a more potent power supply and modulator. The ideal sample placement configuration depends on the processing requirements, especially the temperature window.
